Abstract
Introduction
A reduction in functional pancreatic beta cell mass contributes to all forms of diabetes. One approach to correct the functional beta cell mass deficit in diabetes is through pancreas or islet transplantation. However, this strategy has limited applicability due to shortage of organ donors, stress-related damage to transplanted tissue, and the negative impact of the immunosuppressive regimen [1] [2] [3] . Regeneration of a patient's own beta cells, either through neogenesis, or proliferation of pre-existing beta cells, and/or preventing the further loss of beta cells, are promising alternative approaches to replenish the diminishing beta cell mass in diabetic patients. Although the rate of basal beta cell proliferation is low [4] [5] [6] , there is evidence that beta cell replication can be induced in response to metabolic demand, such as pregnancy, obesity, aging, or partial pancreatectomy (PPx) in rodents [7] [8] [9] . This suggests that external stimuli could be used to further induce endogenous beta cell replication, and enhance beta cell mass.
Parathyroid hormone-related protein (PTHrP) and its seven transmembrane G-protein coupled PTH-1 receptor (PTH1R) are expressed in every tissue in the body, including the pancreatic beta cell [10] [11] [12] [13] . PTHrP expression is increased in insulinomas [13] [14] [15] , suggesting that PTHrP could induce beta cell proliferation. Indeed, transgenic mice overexpressing fulllength PTHrP in the beta cell, under the rat insulin promoter (RIP), display hyperinsulinemia, hypoglycemia, beta cell hyperplasia due to increased proliferation, with a resultant increase in beta cell mass. RIP-PTHrP transgenic mice are resistant to streptozotocin-induced diabetes and beta cell death [12, [16] [17] [18] [19] .
Full-length PTHrP(1-139) is post-translationally processed to form amino-terminal (1-36), mid-region , and carboxyl-terminal (107-139) peptides, each having specific functions in other cell types [10] [11] 20] . Only amino-terminal containing PTHrP peptides bind and activate the PTH1R [10] [11] . Of the various PTHrP peptides, amino-terminal peptide PTHrP , added exogenously in vitro, is sufficient to increase proliferation [19, [21] [22] , and improve survival against streptozotocin and nutrient-deprivation induced cell death, in cell-lines and primary rodent beta cells [18] . Furthermore, PTHrP(1-36) also enhances beta cell function, increasing insulin mRNA and protein, as well as glucose-stimulated insulin secretion (GSIS) in rodent beta cells in vitro [21] [22] [23] . Based on these in vitro findings, in a previous study we tested whether PTHrP would have similar beneficial effects on the beta cell in vivo. Indeed, in normal Balb/c mice PTHrP(1-36) stimulated beta cell proliferation and augmented beta cell mass, without negatively affecting beta cell function or survival, when administered systemically under basal conditions [24] .
The present study examines the regenerative potential of PTHrP in vivo. In other words, can PTHrP(1-36) stimulate beta cell proliferation and regeneration in a model of beta cell deficiency? We used the partial pancreatectomy (PPx) mouse model of beta cell injury to evaluate the effect of systemic administration of PTHrP(1-36) peptide for 7, 30, and 90 days. Glucose and beta cell homeostasis, as well as expression of PTHrP and PTH1R were assessed in PPx and sham-operated mice. PTHrP substantially augmented the natural beta cell regeneration in the PPx mouse model, accelerating beta cell proliferation and increase in beta cell mass. These studies highlight the regenerative potential of PTHrP for the beta cell.
Materials and Methods

PPx experimental design
This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol for this study was approved by the Committee on the Ethics of Animal Experiments of the University of Pittsburgh (Permit Number: 1101117A-1) and the Icahn School of Medicine at Mount Sinai (Permit Number: LA12-00304). All surgery was performed under ketamine and xylazine used for anesthesia, buprenorphine to alleviate pain, and all efforts were made to minimize suffering. Animals were monitored continuously after surgery until they were able to maintain sternal recumbency as required by the IACUC policy on surgical guidelines. Subsequently they were monitored twice a day for 3-5 days to administer analgesic and to ensure general health. The specific criteria used to monitor animal health included hunched posture, piloerection, abnormal feeding, drinking and ambulation. We did not have any mouse that was sick or that died during the experiment. If there were adverse signs that persisted 24h post-surgery, or a pronounced decrease in body weight (>20%), the mouse would be euthanized using carbon dioxide inhalation followed by cervical dislocation. 7-8 week old male Balb/c mice (Charles River, Wilmington, MA) were sham-operated or underwent PPx, and were given subcutaneous (s.c.) injections of either vehicle (veh) (10mM acetic acid) or PTHrP(1-36) peptide. Thus, mice were divided into four treatment groups: sham-veh, PPx-veh, sham-PTHrP or PPx-PTHrP. For PPx, portion of the pancreas (~40%) bordered by the spleen and the stomach was excised through an upper midline incision, keeping the mesenteric pancreas intact [25] [26] . The rationale for the 40% PPx was to generate a model of reduced beta cell mass in the context of normal blood glucose. The sham-operated animals were handled similarly, but the pancreas was not removed. The mice were weighed and injected daily for 5 days/week, starting on the day of surgery (Day 0) up to 7, 30 or 90 days, receiving 90μl of phosphate buffered saline with either 10μl of vehicle, or 10μl of PTHrP peptide at 160μg/kg body weight (Fig 1A) . PTHrP peptide was prepared using solid phase synthesis, purity documented by analytical reversephase HPLC, peptide structure and content confirmed using MALDI-TOF mass spectrometry and amino acid analysis, and assayed for activity using the SaOS-2 adenylyl cyclase assay as described previously [27] . The mice were given intraperitoneal (i.p.) injection of bromodeoxyuridine (BrdU) (Amersham Pharmacia Biotech, Piscataway, NJ) 50μg/g body weight, 6h before their pancreata were harvested. Islets were isolated for western blot analysis from mice treated for seven days.
Glucose homeostasis
Blood glucose was measured twice a week on tail snips using a portable glucometer (Medisense, Bedford, MA). Intraperitoneal glucose tolerance test (IPGTT) was performed on days 25 and 79 in mice fasted for 16-18h injected with 2g glucose/kg body weight. Insulin tolerance test (ITT) was performed on days 16 and 74 in mice injected i.p. with 1.5U/kg of insulin (Lilly, Indianapolis, IN). Plasma insulin was measured on blood drawn on days 7, 30, and 90, using an insulin RIA (Linco, St Charles, MO).
Pancreatic histomorphometry, islet size distribution, exocrine and beta cell proliferation Pancreata were weighed, fixed in Bouin's (Sigma, St Louis, MO), and paraffin embedded. Sections were stained for insulin using guinea pig anti-insulin antibody (Invitrogen, Carlsbad, CA) at 1:1000 dilution overnight at 4°C, and visualized using the link-label detection system and diaminobenzidine tetrahydrochloride substrate (BioGenex, San Ramon, CA). Histomorphometry was performed in a blinded way on at least 3-4 insulin-stained pancreatic sections per animal separated by 50μm each, using the Optimas software package. Beta cell mass was quantified as the ratio of the insulin-positive to total pancreatic area, multiplied by the pancreas weight. Islet size distribution including number of insulin-positive singlets and doublets was analyzed manually using an intraocular grid under a 10X objective to measure islet diameter. Exocrine cell proliferation was assessed on pancreatic sections stained for phosphohistone H3 (pHH3, 1:200, Millipore, Billerica, MA) analyzing an average of 3921±133 cells/mouse pancreas. Beta cell proliferation was quantified as percentage of BrdU-insulin-to total insulin-positive cells on pancreatic sections stained with antibodies against insulin (Dako, Carpinteria, CA) and BrdU (1:5 dilution) (Amersham Pharmacia Biotech), using an immunofluorescence secondary antibody, after antigen retrieval at 37°C for 30 min in 2N hydrochloric acid [19, 24] .
Islet isolation and western blot analysis
Islets were isolated from 7-day treated mice, plated in RPMI medium with 5.5mM glucose and 1% fetal bovine serum, immediately handpicked using a microscope grid, rinsed and frozen. Islet extracts (20μg) were analyzed by immunoblot using antibodies to PTH1R receptor (Covance, Richmond, California), PTHrP (EMD Millipore-Calbiochem, Billerica, MA), and tubulin (EMD Millipore-Calbiochem). Quantitative densitometry of digitalized blots was performed using the Image J program (National Institute of Health) [24, 25] .
Statistical analysis
Data are expressed as means ± standard error. To determine statistical significance one-way Analysis of variance (ANOVA) with post hoc Tukey Honestly Significant Difference (HSD) test (http://statistica.mooo.com) was used for comparison between more than two groups. Differences were considered significant at p0.05.
Results
PTH1 receptor is up-regulated in islets from PPx mice
To examine if PTHrP(1-36) could enhance beta cell regeneration after injury, we used PPx, a well characterized model of partial beta cell depletion that induces beta cell proliferation and regeneration under normoglycemic conditions [25] [26] . Male Balb/c mice underwent shamoperation or PPx at day 0, and were injected s.c. with either vehicle or PTHrP(1-36) at 160μg/ kg body weight for 5 days/week for 7, 30, or 90 days, resulting in four groups of mice: shamveh, sham-PTHrP, PPx-veh, or PPx-PTHrP (Fig 1A) . Body weight and blood glucose were measured twice a week; plasma insulin at the end of each treatment; and IPGTT and ITT were measured at the times indicated in Fig 1A. We first examined whether endogenous expression of PTHrP or PTH1R is modulated by PPx, a model of beta cell regeneration. PTHrP ligand and its receptor, PTH1R, were analyzed by western blot analysis in the islets of sham and PPx mice treated with vehicle or PTHrP(1-36) at day 7 (Fig 1B-1E ). There was no significant difference in the expression of PTHrP peptide among the four groups, sham-veh, PPx-veh, sham-PTHrP, and PPx-PTHrP mice (Fig 1B  and 1C) . PTHrP(1-36) treatment did not affect the levels of the endogenous receptor PTH1R in islets of sham or PPx mice when compared to their respective vehicle controls (Fig 1D and  1E) , although there was a trend towards an increase in PPx-PTHrP versus PPx-Veh mice that was not significant. However, PPx caused a significant 70% increase in the abundance of PTH1R, in islets of PPx-veh versus sham-veh mice (Fig 1D and 1E) . Similarly, there was a significant two-fold increase in the abundance of PTH1R protein in the PPx-PTHrP versus sham-PTHrP mice (Fig 1D and 1E) . Together, this indicates that PPx per se causes an increase in PTH1R levels.
Effect of PTHrP(1-36) on glucose homeostasis after PPx
As expected [25] [26] , 40% PPx was associated with normal body weight (Fig 2A) and normal random non-fasting blood glucose (Fig 2B) in the PPx mice and the PTHrP-treated mice during the entire 90-day treatment period. The body weight and blood glucose levels did not differ amongst the four groups of mice treated for 7 and 30 days either (data not shown). Also, fasting blood glucose measured at day 25 in the 30 day treatment group (Fig 2C) and day 79 in the 90 day treatment group (Fig 2D) was not different among the four groups of mice. Together, this confirms that PPx did not induce hyperglycemia, and shows that PTHrP(1-36) treatment did not affect blood glucose in sham or PPx mice. There was no significant difference in the plasma insulin of the four groups of mice either at day 30 (Fig 2E) or at day 90 (Fig 2F) . In response to a glucose challenge at day 25 (Fig 3A) , the PPx-veh mice were significantly glucose intolerant relative to both sham-operated groups, as assessed by area under the curve (AUC) (Fig 3A and 3B) , confirming previous observations that PPx causes glucose intolerance [26] . However, the PPx-PTHrP mice were not glucose intolerant relative to either of the sham controls at day 25 (Fig 3A and 3B) . By day 79, there was no significant difference in the glucose tolerance among the four groups of mice, as measured by AUC (Fig 3C and 3D) . The effect of PTHrP(1-36) treatment on insulin sensitivity was examined at early (day 16) (Fig 3E and 3F ) and late (day 74) (Fig 3G and 3H ) time points. There was no significant change in insulin sensitivity among the four groups at either time point. 
PTHrP(1-36) enhances beta cell proliferation in PPx mice
The observation that PTHrP increases beta cell proliferation in vivo under basal conditions [24] , and PPx induces PTH1R expression (Fig 1D and 1E ) led us to hypothesize that PTHrP (1-36) might further enhance beta cell regeneration after PPx. The effect of PTHrP(1-36) on beta cell proliferation was evaluated by quantifying the ratio of the BrdU (red) and insulin (green) double-positive cells to insulin-positive cells (Fig 4A) . As observed previously under basal conditions [24] , we found a significant 88% increase in the number of BrdU-positive beta cells in the sham-PTHrP compared to the sham-veh group at day 7 (0.48±0.17 versus 0.26 ±0.11, respectively) ( Fig 4B) . As expected [25] , PPx by itself induced a striking three-fold increase in beta cell proliferation compared to sham-veh mice (0.81±0.28 versus 0.26±0.11, respectively). Most importantly, PTHrP(1-36) treatment significantly enhanced beta cell proliferation further by 57% in PPx-PTHrP versus PPx-veh mice at day 7 (1.28±0.19 versus 0.81±0.28, respectively) (Fig 4A and 4B) . PTHrP(1-36) also increased beta cell proliferation in PPx mice, after 30 days of treatment (0.44±0.09 versus 0.21±0.1, PPx-PTHrP versus PPx-veh mice, respectively) (Fig 4C) . However, by 90 days of treatment, PTHrP caused no additional increase in beta cell proliferation beyond PPx alone (Fig 4C) .
To assess whether the proliferative effect of PTHrP(1-36) was specific to beta cells, we measured exocrine cell proliferation in the pancreata of the four groups of mice at 7, 30 and 90 days. Although there was a trend towards an increase in exocrine cell proliferation with PPx in the PPx-Veh and PPx-PTHrP mice relative to the sham controls at day 7, the increase was not statistically significant (Fig 5A) . Overall, neither PPx nor PTHrP treatment caused a significant change in exocrine cell replication at any of the three time points (Fig 5A, and data not shown) .
PTHrP(1-36) treatment increases beta cell mass in PPx mice
A detailed histomorphometric analysis of the pancreata, including total number and size distribution of islets, and beta cell mass, in the four groups of mice was undertaken at day 90. The total number of islets as a function of pancreatic area was similar in the sham-veh (0.34±0.03), shamPTHrP (0.28±0.02), and PPx-PTHrP (0.30±0.02) mice. However, the total number of islets was significantly lower in the PPx-veh (0.24±0.02) mice compared to the sham-veh controls (Fig 5B) . Analysis of the islet size distribution revealed no significant changes in islet size among the four groups of mice, although there was a trend towards an increase in the number of islets in the PPx-PTHrP versus PPx-veh mice in all size ranges (Fig 5C) . The number of small islets (<25μm) including beta cell singlets or doublets, used as an indicator of islet neogenesis, was not significantly different among the four groups after 90 days of treatment (Fig 5D) .
To examine whether the increase in beta cell proliferation observed in PTHrP(1-36)-treated PPx mice resulted in enhanced beta cell regeneration, beta cell mass was measured at 7, 30, and 90 days in these mice (Fig 6) . As beta cell mass is a composite of pancreatic weight and the ratio of beta cell area/pancreatic area, these parameters were individually compared among the groups of mice. PTHrP(1-36) treatment did not significantly affect pancreatic weight in either the sham (data not shown), or the PPx mice, at 7, 30, or 90 days, although there was a trend towards an increase at 90 days in the PPx mice ( Fig 6A) . As expected, the remnant pancreas weight in both groups of PPx mice at days 7 and 30 was significantly lower than the sham-veh mice at day 7 ( Fig  6A) . By 90 days, the pancreas weight of the PPx-veh and PPx-PTHrP mice although similar to the weight of the sham-veh mice at day 7, was still significantly less than the sham-veh mice at day 90 (Fig 6A) . The ratio of beta cell area/pancreatic area was not statistically different among the various groups (Fig 6B) . However, this ratio tended to increase, in the PPx-PTHrP (7.3±0.9), compared to the PPx-veh (5.8±1.1) and sham-veh (5.0±0.7) mice at day 90 (Fig 6B) .
The beta cell mass in the PPx groups at day 7, (PPx-veh 0.92±0.04mg and PPx-PTHrP 1.04 ±0.16mg) was decreased by approximately 30% relative to the sham-veh (1.41±0.07mg) mice (Fig 6C) , as expected. Beta cell mass in the sham-PTHrP (1.47±0.16mg) mice was not different from sham-veh mice at day 7. At day 30, beta cell mass between the PPx-veh and PPx-PTHrP groups was not significantly different (Fig 6C) . However, by day 90, beta cell mass in the PPxPTHrP (2.4±0.31mg) mice was increased significantly relative to the PPx-veh (1.4±0.2mg) mice (Fig 6C) , and had fully normalized as compared to the sham-veh (2.1±0.24mg) and sham-PTHrP (1.9±0.27mg) mice at day 90.
Discussion
The current study demonstrates that PTHrP(1-36) potentiates beta cell regeneration, and accelerates the increase of beta cell mass through enhanced proliferation of beta cells. We used the 40% PPx model of beta cell regeneration since there is loss of both exocrine and endocrine tissues, without the accompanying deleterious effects of hyperglycemia or obvious inflammation [25] . Balb/c mice were used because their beta cell regenerative capacity is slower than other strains of mice [26] . The 160μg/kg PTHrP(1-36) dose regimen was based on our previously published data in normal mice [24] , where we have shown a dose-dependent effect of PTHrP(1-36) with a maximal effect on beta cell proliferation at the dose used in the current study. We have previously demonstrated that PTHrP(1-36) enhances beta cell proliferation at 7 and 25 days of treatment. This was associated with an increase in beta cell mass by 25 days, without negatively impacting glucose homeostasis in Balb/c mice under basal conditions [24] . In this study, PTH1R levels were significantly increased in the islets of PPx mice, implying that exogenous PTHrP has the potential to further enhance beta cell regeneration and/ or glucose homeostasis after PPx. PTHrP did not significantly affect body weight, blood glucose, plasma insulin, or insulin sensitivity at early or later stages of treatment, in either the sham-operated or PPx mice, independently corroborating our previous findings in normal mice [24] . Although PPx-veh mice, as shown previously [26] , were significantly glucose intolerant compared to either of the sham-control groups at day 25, the PPx-PTHrP mice were not, suggesting that PTHrP-treatment improves glucose tolerance at early stages of treatment under PPx conditions. By 79 days, there was no significant difference in glucose tolerance among the four groups. This is parallel to our previous observations in normal mice [24] where initial treatment with PTHrP improved glucose tolerance by seven days, but the improvement in glucose tolerance was lost after 25 days of PTHrP-treatment.
Both PTHrP and PPx per se induced beta cell proliferation relative to sham-veh mice as early as seven days of treatment. Importantly, PTHrP-treatment further increased beta cell proliferation in PPx mice, at days 7 and 30, relative to PPx-veh mice. However, by 90 days, PTHrP-treatment did not result in a further increase in beta cell proliferation in PPx-or shamoperated mice. This could be due to down-regulation or desensitization of the PTH1R signaling in beta cells with long-term PTHrP treatment [28] [29] . It is also possible that lower and/or more intermittent doses of PTHrP(1-36) may induce beta cell proliferation and/or improved glucose tolerance on a more sustained basis, as observed with the anabolic effect of PTHrP on bone [30] [31] . Unlike its effect on the beta cell, PTHrP(1-36) did not increase exocrine cell proliferation in sham or PPx mice at 7, 30, or 90 days of treatment.
Islet histomorphometric analysis indicated a significantly lower number of total islets/pancreatic area at day 90 in the in the PPx-veh mice, but not in the PPx-PTHrP mice, relative to the sham-veh mice, suggesting enhanced regeneration of beta cells in the PPx-PTHrP group versus the PPx-veh group. PTHrP-treatment for 90 days did not cause a significant change in the number of small islets, which have been suggested to represent newly formed islets [32] . This may imply that PTHrP does not affect neogenesis, as expected in this PPx model in which proliferation of pre-existing beta cells has been shown to be the primary source of beta cell regeneration [9] . It is possible that PTHrP may increase the number of small islets in the early part of the treatment, and by day 90 the difference is no longer obvious. However, this seems unlikely, based on our finding in normal mice where PTHrP(1-36) did not affect number of small islets after 25 days of treatment [24] . Importantly, the increase in beta cell proliferation induced by PTHrP in the early phase of treatment translated to a significant increase in beta cell mass in the PPx-PTHrP mice compared to the PPx-veh mice by day 90. This indicates that PTHrP(1-36) is indeed a beta cell regenerative factor.
PTHrP is a regenerative factor for other tissues and cell types, including in the regenerating deer antler, following peripheral nerve injury, and in bone and cartilage regeneration [33] [34] [35] [36] . The current study adds the pancreatic beta cell as an additional target for PTHrP-induced regeneration. In this regard, although transcription factors and cell cycle molecules induce beta cell regeneration [37] [38] , there are few examples of exogenous peptides, such as glucagon-like peptide-1, and more recently, hepatocyte growth factor, that stimulate beta cell regeneration through proliferation of pre-existing beta cells [25] [26] .
Importantly, PTHrP and its receptor, PTH1R, are expressed in human islets and in human beta cells [13] [14] [15] 39] . Full-length PTHrP(1-139), as well as amino-terminal PTHrP(1-36), can enhance human beta cell proliferation and glucose-stimulated insulin secretion in human islets in vitro [39] . Based on the regenerative effect of PTHrP in PPx mice in the current study, our previous findings on the proliferative effect of PTHrP in normal mice under basal conditions [24] , and importantly, the increase in human beta cell function and replication induced by PTHrP(1-36) in culture [39] , we believe PTHrP(1-36) is a promising peptide for inducing beta cell proliferation and regeneration. The use of PTHrP in clinical trials for the treatment of osteoporosis further attests to the safe use of this peptide in humans [27, 40] . Based on the established long-term anabolic effects of PTHrP on the skeleton [30] [31] , and now the beta cell, it is important to determine the proper regimen (dose, duration) of PTHrP(1-36) treatment on human beta cell regeneration. It is equally critical to understand its mechanism of action in the human beta cell, for optimal outcomes on beta cell growth, survival, and glucose homeostasis in the future. The proliferative, regenerative, pro-survival, and enhanced functional effects of PTHrP(1-36) on the beta cell may provide a useful therapeutic strategy to increase functional beta cell mass in the setting of diabetes in the future.
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